Galvanic replacement reactions dictated by deliberately designed nanoparticulate templates have emerged as a robust and versatile approach that controllably transforms solid monometallic nanocrystals into a diverse set of architecturally more sophisticated multimetallic hollow nanostructures. The galvanic atomic exchange at the nanoparticle/liquid interfaces induces a series of intriguing structure-transforming processes that interplay over multiple time-and length-scales. Using colloidal Au-Cu alloy and intermetallic nanoparticles as structurally and compositionally fine-tunable bimetallic sacrificial templates, we show that atomically intermixed bimetallic nanocrystals undergo galvanic replacement-driven structural transformations remarkably more complicated than those of their monometallic counterparts.
ABSTRACT:
Galvanic replacement reactions dictated by deliberately designed nanoparticulate templates have emerged as a robust and versatile approach that controllably transforms solid monometallic nanocrystals into a diverse set of architecturally more sophisticated multimetallic hollow nanostructures. The galvanic atomic exchange at the nanoparticle/liquid interfaces induces a series of intriguing structure-transforming processes that interplay over multiple time-and length-scales. Using colloidal Au-Cu alloy and intermetallic nanoparticles as structurally and compositionally fine-tunable bimetallic sacrificial templates, we show that atomically intermixed bimetallic nanocrystals undergo galvanic replacement-driven structural transformations remarkably more complicated than those of their monometallic counterparts.
We interpret the versatile structure-transforming behaviors of the bimetallic nanocrystals in the context of a unified mechanistic picture that rigorously interprets the interplay of three key structure-evolutionary pathways, dealloying, Kirkendall diffusion, and Ostwald ripening. By deliberately tuning the compositional stoichiometry and atomic-level structural ordering of the Au-Cu bimetallic nanocrystals, we have been able to fine-maneuver the relative rates of dealloying and Kirkendall diffusion with respect to that of Ostwald ripening, through which an entire family of architecturally distinct complex nanostructures are created in a selective and controllable manner upon galvanic replacement reactions.
The insights gained from our systematic comparative studies form a central knowledge framework that allows us to fully understand how multiple classic effects and processes interplay within the confinement by a colloidal nanocrystal to synergistically guide the structural transformations of complex nanostructures at both the atomic and the nanoparticulate levels.
1. INTRODUCTION
Galvanic replacement reactions (GRRs), which involve the atomic exchange between metallic elements with different reduction potentials, represent an intriguing redox process that entangles matter exchange with structural remodeling of metallic materials over multiple length-and time-scales. [1] [2] [3] GRRs, when dictated by colloidal nanoparticulate templates, provide a simple but versatile pathway to controllably transform solid monometallic nanoparticles (NPs) into multimetallic hollow nanostructures that are typically unrealizable through other means, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] tremendously enhancing our capabilities to finetune the optical, electronic, and surface properties of metallic nanostructures for widespread applications in sensing, [12] [13] [14] biomedicine, [15] [16] [17] and catalysis. [18] [19] [20] The remarkable level of architectural control exerted over metallic NPs through GRRs has been best manifested when using geometrically simple and synthetically tailorable Ag nanocrystals, such as nanospheres, 3, 14 nanocubes, 2,4,21 nanoprisms, 22, 23 and nanowires, 24 as the sacrificial templates for GRRs. A quintessential system intensively investigated over the past two decades has been Ag nanocubes, which selectively evolve into nanobox, nanocage, or nanoframe structures upon galvanic exchange of Ag with Au, Pd, or Pt under deliberately controlled synthetic conditions. 4, 9, 16, 21, 25, 26 Multimetallic NPs exhibiting even more complicated interior and surface architectures, such as yolk-shell nanorattles, 24, 27 multilayered nanomatryoshkas, 2, 24, 28, 29 ultrathin skeletal nanoframes, 30, 31 and popcorn-like nanostructures with multiple cavities, 32 become experimentally realizable when employing multimetallic heteronanostructures 29, 33 or substrate-supported NPs 34, 35 as the sacrificial templates or by judiciously coupling GRRs with co-reduction, 13, 36, 37 corrosion, 30, 31 Kirkendall diffusion, 2 seeded growth, 38 and regioselective surface passivation. 32, 39, 40 While rich information can be extracted empirically from previous observations, it has long been a challenging task to build a coherent mechanistic knowledge framework that unequivocally interprets how a series of key underlying thermodynamic, kinetic, and geometric factors rigorously modulate the interplay of multiple GRR-driven structure-rearranging processes and thereby profoundly influence the NP transformations.
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Atomically intermixed bimetallic nanocrystals adopting either disordered alloy configurations or ordered intermetallic structures 41, 42 may undergo GRR-driven structural transformations that are substantially more sophisticated and versatile than those of monometallic nanocrystals or phasesegregated bimetallic heteronanostructures. Here we demonstrate that the complex mechanisms dictating the GRR-driven transformations of alloy and intermetallic NPs can be fully elucidated within a central conceptual framework involving the interplay of three fundamentally intriguing structure-transforming pathways, namely dealloying, Kirkendall diffusion, and Ostwald ripening. Although both dealloying [43] [44] [45] [46] and Kirkendall diffusion 47, 48 have been intensively studied in bulk materials for decades, how they work synergistically within the confinement by a nanocrystal to guide the intricate nanoscale structural evolution upon initiation of GRRs still remains an open question. The nanocrystal transformations governed by dealloying and Kirkendall diffusion are further entangled with thermodynamically driven domain coarsening, a process known as Ostwald ripening. [49] [50] [51] How to kinetically manipulate the Ostwald ripening process with respect to dealloying and Kirkendall diffusion still remains largely unexplored.
Using colloidal Au-Cu alloy and intermetallic NPs as sacrificial templates for GRRs, we demonstrate that the compositional stoichiometry and structural ordering serve as two key factors that rigorously maneuver the relative rates of the three key structure-transforming processes, enabling atomically intermixed AuCu bimetallic nanocrystals to selectively transform into an entire family of architecturally distinct complex nanostructures through straightforward GRRs under mild reaction conditions.
RESULTS AND DISCUSSION

Syntheses of Au-Cu Alloy and Intermetallic NPs.
Precise structural and compositional control over the Au-Cu bimetallic NPs was achieved through colloidal syntheses deliberately designed using the bulk phase diagram 52 as a guiding principle. As shown in Figure 1A , Au and Cu atoms are thermodynamically miscible over the entire stoichiometric range, 5 forming face centered cubic (fcc) alloy structures spanning a broad temperature range up to the melting points of the alloys. Two atomically ordered intermetallic phases with specific Au/Cu stoichiometric ratios of 1:3 and 1:1 are thermodynamically favored at temperatures below ~ 400 ⁰C. Despite a decrease in entropy, the enthalpy-driven transitions of disordered alloys to intermetallic compounds become spontaneous at low temperatures because the formation of Au-Cu intermetallic bonds is energetically more favorable than that of Au-Au and Cu-Cu bonds. 41 Cluster expansion calculations also predicted AuCu3 and AuCu as two thermodynamically stable intermetallic phases for the Au-Cu binary system ( Figure 1B) , further confirming the prediction by the experimental phase diagram. The AuCu3 intermetallic compound (denoted as AuCu3-I) adopts the fcc structure ( Figure 1C ), while the atoms in the AuCu intermetallic compound (denoted as AuCu-I) are organized into a face-centered tetragonal (fct) structure ( Figure 1D ).
As schematically illustrated in Figure 1E , colloidal Au@Cu2O core-shell NPs underwent a stepwise chemical reduction, intraparticle alloying, and structural ordering process to evolve into Au-Cu alloy and intermetallic NPs upon thermal treatment at 300 ⁰C in tetraethylene glycol (TEG), a liquid polyol serving as both the solvent and the reducing agent. The Au/Cu stoichiometric ratios of the alloy NPs were essentially predetermined by the relative core and shell dimensions of their parental Au@Cu2O core-shell NPs, which could be fine-tuned over a broad range using a seed-mediated growth method we previously developed. 53 At Au/Cu stoichiometric ratios of 1:3 and 1:1, NPs of disordered alloys represented the metastable structures that were kinetically trapped immediately after the Au and Cu atoms were fully 
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As revealed by powder X-ray diffraction (PXRD), the as-synthesized AuCu3-A and AuCu-A NPs exhibited fcc homogenous alloy structures comprising fully intermixed Au and Cu atoms ( Figures 1G and   1J ), absent of any detectable phase-segregated monometallic Au or Cu domains or copper oxide phases.
Using the Bragg's law, we calculated the lattice parameters of the solid solutions based on the PXRD patterns, which allowed us to further calculate the Au/Cu stoichiometries of various alloy NP samples using the Vegard's law. 54 The Au/Cu atomic ratios calculated from the PXRD results agreed with those quantified by inductively coupled plasma mass spectrometry (ICP-MS) and EDS (Table S1 in Supporting Information). Upon atomic ordering of the alloy NPs, the primary PXRD peaks (labeled with #) were shifted accompanied by the emergence of characteristic superlattice peaks (labeled with *), signifying the formation of AuCu3 and AuCu intermetallic phases ( Figures 1G and 1J ). The AuCu3-I and AuCu-I NPs exhibited PXRD features in excellent agreement with those of the standard patterns and previously reported intermetallic NP samples. [55] [56] [57] [58] [59] While both the quasi-spherical morphology and Au/Cu stoichiometric ratios were well-preserved, the NP sizes decreased significantly after the Au@Cu2O coreshell NPs transformed into alloy NPs ( Figures 1H and 1K ) as a consequence of loss of oxygen atoms and intermix of Au and Cu atoms. When the alloy NPs were further converted into intermetallic NPs, less significant but nonnegligible size shrinkage was also observed possibly due to the disappearance of lattice vacancies upon atomic ordering.
The structural and compositional tunability of the Au-Cu binary NP system provided unique opportunities for us to pinpoint the effects of compositional stoichiometry and structural ordering on the GRR-driven transformations of atomically intermixed bimetallic nanocrystals. In this work, we conducted the GRRs at room temperature in an aqueous environment using colloidal Au-Cu alloy or intermetallic NPs as the sacrificial templates and HAuCl4 as the Au precursor in the absence of any additional surface capping ligands. Under our GRR conditions, Cu was oxidized into Cu(II) rather than Cu(I) ionic species Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 ( Figure S2 in Supporting Information) while HAuCl4 was reduced to metallic Au, exhibiting a net reaction outcome of every three Cu atoms substituted by two Au atoms.
Dealloying, Kirkendall Diffusion, and Ostwald Ripening.
The galvanic exchange between Cu and Au involves selective etching of Cu from the Au-Cu alloy or intermetallic matrices, a process known as dealloying. Bimetallic alloys exhibit interesting compositiondependent dealloying behaviors. For example, a macroscopic Au-Ag alloy membrane may selectively undergo either nanoporosity-evolving percolation dealloying or surface atomic dealloying at the membrane/electrolyte interfaces, depending on the atomic fraction of Ag and detailed dealloying conditions. 46, 60 The electrochemical parameter signifying the onset potential of percolation dealloying is termed as critical potential, Ec. 61 The Ec of a spherical binary alloy NP with a radius of r and a compositional formula of A1-pBp (A and B represent the nonleachable noble and the leachable less-noble elements, respectively, and p is atomic fraction of B) is a function of both p and r, as expressed as
where γAlloy and fAlloy are the free energy and the stress at the alloy/electrolyte interface, respectively. A   is the partial molar volume of A in the alloy. Ω represents the average molar volume of the alloy. n is the number of electrons every B atom loses upon oxidation. F is the Faraday constant. E̅ c is the critical potential of the bulk alloy, which is a function of p and related to the molar volume of A, ΩA, the interfacial free energy of B exposed to the electrolyte,
, the local radius of the surface where a cylindrical pit is created upon dealloying, ξ , and the equilibrium potential, E̅ eq, above which the surface dealloying at the top-most atomic layer occurs, as shown by the following equation 62
. Because the maximum possible values of γAlloy and fAlloy are ∼ 2 and ~ 6 J m -2 , respectively, 63 Ec becomes virtually equivalent to E̅ c when an alloy NP becomes larger than 10 nm (r>5 nm). Under certain dealloying conditions, almost all binary alloys have been observed to display a characteristic threshold p value known as the parting limit, above which percolation dealloying occurs. The parting limits of Au-Ag and Au-Cu alloys were measured to be ~55 atomic % of Ag 64 and ~ 70 atomic % of Cu, 65, 66 respectively, in acidic electrolytes at room temperature. The origin of the characteristic parting limits of alloys can be fully interpreted in the context of the composition-dependent Ec as discussed above.
When an Au-Cu alloy NP undergoes galvanic exchange with HAuCl4, its structural transformations become remarkably more complicated than those induced by dealloying alone. The deposition of Au on the surfaces of an alloy NP creates interfacial compositional gradient, which triggers the interdiffusion of Au and Cu atoms across the interface between the alloy and monometallic Au domains. The nonequivalent diffusion rates of Cu and Au atoms causes the alloy/Au interface to migrate toward one direction while forming cavities at the materials boundaries, a classic effect of atomic interdiffusion known as the Kirkendall effect. 47, 67 The velocity at which the boundary interface travels can be described by the
where DA and DB are the diffusion coefficients of component A and B, respectively. dNA/dx represents the compositional gradient of A across the boundary. Previously observed GRR-induced hollowing of metallic NPs can all be interpreted in the context of the Kirkendall effect. 2, 3, 6, 11, 14, 32, 36, 38 During the nanoscale GRRs, the dealloying and Kirkendall diffusion are inevitably entangled with thermodynamically driven domain coarsening processes known as Ostwald ripening, a phenomenon first observed by Wilhelm Ostwald back in 1896. 49 During a typical Ostwald ripening process, smaller nanocrystals are dissolved and re-deposited onto larger nanocrystals, resulting in the growth of larger NPs at the expense of smaller ones. 69, 70 The growth rate of the larger NPs is related to the interfacial energy, Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 σ, the molar volume, Vm, the solubility, Cꝏ, and the diffusion coefficient, D, of the particle material, as shown in the following equation 69
where r is the radius of the NP, t is time, R is the ideal gas constant, and T is the absolute temperature. kd is the rate constant of surface deposition reaction obeying simple first-order kinetics. rb is defined as the critical radius, which separates the smaller particles (r< rb) shrinking in size from the larger growing particles (r>rb). For a given material/solvent system, the values of σ, Vm, D, kd, and rb are all essentially fixed. However, the kinetics of particle coarsening can be further maneuvered through modulation of Cꝏ by coupling Ostwald ripening with deliberately designed redox reactions. 70 Intraparticle Ostwald ripening may also occur among multiple crystalline domains within the same NPs. When an Au-Cu alloy or intermetallic NP is exposed to HAuCl4 for GRRs, the intraparticle Ostwald ripening can be triggered due Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 on Au-Cu bimetallic NPs significantly larger than 10 nm, which exhibited composition-dependent dealloying behaviors analogous to those of their bulk counterparts.
GRR-Driven Transformations of AuCu3 Alloy and Intermetallic NPs.
AuCu3-A and AuCu3-I NPs, both of which possessed Cu content above the parting limit, underwent nanoporosity-evolving percolation dealloying when exposed to 1 M nitric acid at room temperature, Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 spongy structures as a consequence of suppressed Kirkendall interduffsion of Au and Cu atoms. This can be interpreted by the fact that atomically ordered intermetallic structures exhibit higher energy barriers for the atomic interdiffusion than those in disordered alloys with the same compositional stoichiometries. 72, 73 The selective leaching of Cu from AuCu3-I NPs was also observed to be significantly slower than that from AuCu3-A NPs during percolation dealloying, resulting in the formation of thicker ligaments and smaller overall particle sizes in comparison to the fully dealloyed AuCu3-A NPs ( Figure S3 The Ostwald ripening of the fragmented ligaments also led to blue-shift of the plasmon resonance bands, though the spectral shift was much less significant in comparison to that of the bicontinuous spongy NPs. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 initiated upon the dissolution of Cu and deposition of Au nanocrystallites at the alloy/liquid interfaces, which subsequently induced Kirkendall interdiffusion of Au and Cu atoms in the alloy matrices, forming cavities at the alloy/Au interfaces. The growth of the Au nanocrystallites and the expansion of the cavities led to the formation of a yolk-shell structure composed of a Au-Cu alloy core encapsulated by a polycrystalline Au shell ( Figure 3A) . As the GRRs further proceeded, the cavities continued to expand accompanied by Au domain coarsening ( Figure 3B ) until the Au domains merged into bicontinuous nanoligaments when a sufficient amount of Cu was galvanically exchanged with Au ( Figure 3C ). The formation of cavities inside the NPs upon Kirkendall diffusion gave rise to significantly increased overall particle sizes ( Figure S6 in Supporting Information).
The structural evolution of AuCu3-I NPs during GRRs, nevertheless, appeared drastically different from that of AuCu3-A NPs because the ordering of the atomic configurations effectively suppressed the Kirkendall diffusion process. As a consequence, monometallic Au was deposited on the outer surfaces of the intermetallic NPs without forming cavities during the GRRs (Figures 3D-3F ). As an increasing amount We also used PXRD to study the evolution of the crystalline structures of NPs during GRRs. A striking difference between the AuCu3-A and AuCu3-I NPs was that the atomic fractions of Cu in the alloy domains of the NPs progressively decreased ( Figure 3G ), whereas the Au/Cu atomic ratios and the ordered atomic Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 configurations of the intermetallic domains were both well-preserved ( Figure 3H) 
GRR-Driven Transformations of AuCu Alloy and Intermetallic NPs.
In the case of Cu-rich AuCu3-A and AuCu3-I NPs, the GRRs and Ostwald ripening were kinetically distinguishable because they took place over two drastically different time-scales. According to the Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 migration of Cu atoms from the NP interior to the NP/liquid interfaces, allowing the dealloying to proceed continuously until all Cu were galvanically replaced by Au. Upon initiation of GRRs, the AuCu-A NPs first underwent a hollowing and volume expansion process to transform into a yolk-shell structure ( Figure   4A ) Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 In striking contrast to the AuCu-A NPs, AuCu-I NPs evolved into heterostructured quasi-spherical core-shell NPs, each of which was composed of a AuCu intermetallic core surrounded by a monometallic Au shell ( Figure 4D ). The absence of observable hollowing process during the GRRs of AuCu-I NPs with HAuCl4 suggested that the Kirkendall atomic interdiffusion was suppressed due to the formation of the intermetallic phases. As the reaction time further increased, the surfaces of the quasi-spherical core-shell Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19
NPs became increasingly faceted due to Ostwald ripening ( Figures 4E, 4F , and Figure S9 became kinetically even slower than those in the AuCu-A NPs. Therefore, the Au3Cu alloy NPs transformed into alloy core-Au shell NPs through a GRR-driven structural evolution process similar to that of the AuCu-I NPs ( Figure S13 in Supporting Information). Neither cavity formation nor particle size expansion was observed on the Au3Cu alloy NPs throughout the entire GRR process. Langmuir   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 work may serve as a bridge transcending our current knowledge gaps and blind zones toward thorough understanding of nanoscale structural transformations when revisiting the ample examples already existing in the literature. This work also provides generic design principles guiding the rational development of new synthetic approaches to multimetallic colloidal nanostructures with further enhanced architectural complexity, compositional diversity, and property tunability.
METHODS
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